Introduction
============

Ulcerative colitis is a chronic nonspecific inflammatory bowel disease of the colon and rectum. The lesions are found in the sigmoid colon and rectum and can also be extended to the descending colon and even to the whole colon. The disease occurs at any age, but it mostly occurs at the age of 20--30 years. Mesalamine is the first-line drug used in the treatment of mild-to-moderate active ulcerative colitis and in the prevention of recurrence.[@b1-dddt-10-2021] This drug has been used for nearly 50 years, the exact mechanism of action of mesalamine, local efficacy, and the adverse reaction is known.[@b2-dddt-10-2021] Previous studies (in vitro) have shown that there is a direct relationship between the concentration of mesalamine and its therapeutic effect.[@b3-dddt-10-2021],[@b4-dddt-10-2021]

This led the researchers to hope to deliver appropriate drug dosages to the inflamed tissue directly and reduce the related adverse events. In the past few years, different strategies have been reported in order to achieve specific colonic delivery of drugs. Most of the previous articles about colonic targeting have focused on the development of a colonic delivery system based on time and pH as well as systems that utilize bacteria, which colonizes the colon or enzymes produced by these bacteria that affect the drug release.[@b5-dddt-10-2021]--[@b8-dddt-10-2021]

However, these colon-specific delivery systems have poor specificity due to large variations in gastric emptying time and in pH of the gastrointestinal tract.[@b9-dddt-10-2021]--[@b11-dddt-10-2021]

The pH--enzyme double-dependent colon-specific delivery system combines the advantages of the previously explained methods; this system produces sustained target release after oral administration, with low toxicity potential for other organs.[@b12-dddt-10-2021],[@b13-dddt-10-2021] Chitosan (\[1,4\]-2-amino-2-deoxy-β-[d]{.smallcaps}-glucan) has been widely used in biomedical applications such as wound healing, drug delivery systems, coatings, and tissue engineering due to its advantages such as good biocompatibility, low toxicity, and biodegradability.[@b14-dddt-10-2021],[@b15-dddt-10-2021] So it has been considered suitable for use in sustained release delivery system as long-acting biodegradable carriers. In addition, acrylic polymers, such as Eudragit^®^ (Evonik Industries, Essen, Germany), a copolymer of methyl acrylic acid and its esters, play a significant role in pH-dependent site-specific delivery of drugs.[@b16-dddt-10-2021] Eudragit S100 dissolves at pH 7.0 and releases the drug into the colon.

The aim of the present study was to design a new pH--enzyme double-dependent colon-specific delivery system. Mesalamine was selected as a model drug and chitosan/Eudragit S100 were selected as accessories. The release behaviors in vitro and pharmacokinetics in vivo of the drug were further evaluated.

Materials and methods
=====================

Materials
---------

Mesalamine, obtained from Xinxin Biopharma Co Ltd (Wuhan, People's Republic of China). Chitosan (degree of deacetylation 85%) was obtained from Hongxinkang Chemical Co. (Hubei, People's Republic of China). Eudragit S100 was kindly donated by Evonik Industries. Glutaraldehyde was purchased from Sigma-Aldrich (Perth, WA, Australia) as a 25% aqueous solution. All other analytical grade chemicals and solvents were used without further purification. Double-distilled water was used in the whole study.

Preparation of mesalamine colon-specific delivery system
--------------------------------------------------------

The mesalamine-loaded pH--enzyme double-dependent colon-specific delivery system was prepared following a two-step protocol --preparation of chitosan microparticles and coating of microparticles. Microparticles were prepared by a recently published emulsion-chemical cross-linking technique.[@b17-dddt-10-2021] Briefly, mesalamine (20 mg) was added to 3 mL of methylene chloride and chitosan was dissolved in 1% (v/v) acetic acid solution to obtain a concentration of 2% polymer solution (w/v), respectively. Completely dissolved, the organic phase was then slowly added to 2.3% Span-60 polymer solution; the mixture was then emulsified for 30 minutes (150 W output power, each 30 seconds and hold 2 seconds). Temperature was maintained at 4°C using an ice bath during emulsification. A total of 25% glutaraldehyde solution was added to the the medium under constant magnetic stirring, followed by cross-linking for 2 hours in a dropwise manner. Then the microparticles were collected by pressure reduction filtration and lyophilized for 24 hours using freeze drier.

The coating of mesalamine microparticles was performed by fluid-bed spray technology (circulating fluidized). In short, 0.1 g of mesalamine chitosan microparticles were coated with Eudragit S100 in an aqueous phase using a fluid-bed spray coater to give a 20% weight gain. The air pressure was 0.3 MPa and the spray rate was 0.25 mL/min. The inlet and outlet temperatures were 30°C and 25°C, respectively. Eudragit S100 suspension (2.5%, swelling in ethanol) was prepared according to the recommendation by the supplier. This solution was moved to peristaltic pump nozzle for further use. The coated beads were stored in a sealed plastic bag before use.

Characterization
----------------

Scanning electron microscopy (JEOL 5200 SEM; JEOL Tokyo, Japan) was used to evaluate the morphology of mesalamine microparticles. The particle size was determined by the Nicomp 380 micron particle sizer (Particle Sizing Systems, Port Richey, FL, USA) at a fixed angle of 90° at 25°C. The samples were sealed and stored at 25°C for 6 months. Drug content, average particle size, and encapsulation efficiency were determined in triplicate.

Determination of drug content
-----------------------------

The drug content in microparticles was determined by high-performance liquid chromatography (HPLC) method. A quantity equivalent to 100 mg of mesalamine-coated microparticles was weighed, dissolved in mobile phase, and diluted suitably.

Entrapment efficiency
---------------------

Ten milligrams of microparticles were weighed accurately and dissolved in 1 mL of mobile phase. The resulting solution was analyzed for mesalamine content by HPLC method. Results were expressed as the mean ± standard error of three experiments. Encapsulation efficiency was calculated using the formula (M1 − M2)/M1×100%, where M1 and M2 are defined as the mass of the initially added mesalamine and nonencapsulated mesalamine, respectively.

In vitro release studies
------------------------

The in vitro drug release studies were performed using United States Pharmacopeia type-I baskets method (100 rpm, 37°C±0.1°C). Mesalamine microparticles (100 mg) were weighed accurately and suspended in simulated gastric fluid (0.1 N HCl) (900 mL) for 2 hours. The dissolution media were then replaced with simulated intestinal fluid (pH 7.4, 0.05 M phosphate buffer) for 3 hours without added enzymes. The susceptibility of mesalamine microparticles to the enzymatic action of colonic bacteria was assessed by continuing the drug release studies in 100 mL of phosphate-buffered saline (PBS) at a pH of 6.8 containing 4% w/v rat cecal contents. The rat cecal contents were prepared according to previous reports.[@b18-dddt-10-2021] At predetermined time points of 0.5, 1, 2, 3, 5, 7, 9, 11, 15, 20, and 25 hours, a 3 mL aliquot was withdrawn and immediately replaced with an equal volume of dissolution medium at the same temperature. The aliquot withdrawn was filtered through 0.45 µm Millipore membrane filter, diluted adequately, and analyzed. The mesalamine suspensions (0.5% microcrystalline cellulose) were investigated as a contrast.

Pharmacokinetic studies
-----------------------

Sprague Dawley rats (male and female, 12 weeks old, 200±30 g), supplied by the Experimental Animal Center of Shanghai Jiao Tong University (Shanghai, People's Republic of China), were used for pharmacokinetic study. All animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and followed the guidelines of the Animal Welfare Act. All animal experiments were approved by the Experimental Animal Ethical Committee of Shanghai University of Traditional Chinese Medicine. Before administration, rats of similar weight were selected for in vivo studies, kept in well-spaced ventilated cages, and maintained on a normal diet (water ad libitum). The mesalamine-coated microparticles or mesalamine suspensions (1% carboxymethyl cellulose solution) were administered to rats by intragastric administration (10 mg/kg). Blood samples (0.5 mL) were collected in heparinized tubes from the caudal vein at 0.5, 1, 2, 4, 6, 8, 10, 12, 16, and 24 hours after intragastric administration and stored at −20°C as soon as possible until analysis.

Pharmacokinetic parameters were calculated against the plasma concentration--time data. The maximum peak concentration (C~max~) and time (T~max~) were directly calculated from the plasma concentration vs time curve. The elimination rate constant (K~el~) was determined from the terminal stage of the log plasma concentration vs time curve by least square regression analysis. From this, K~el~ is calculated as K~el~ = slope ×2.303. The elimination half-life is calculated as t~1/2~=0.693/K~el~. The area under the plasma concentration--time curve from 0--t (AUC~0∼t~) and from 0--∞ (AUC~0∼∞~) and mean residence time were calculated using trapezoidal rule.

Biodistribution studies
-----------------------

Sixty mice were divided randomly into two groups, each containing 30 mice. The mesalamine-coated microparticles or mesalamine suspensions were orally administrated to the mice (10 mg/kg). At various time intervals after administration (1, 4, 8, 12, and 24 hours), six mice in each group were picked up randomly. The stomach, small intestine, and colon were immediately removed, and approximately 100 mg of tissue slices were excised, weighed, and stored at −20°C until analysis.

Histopathological studies
-------------------------

After 24 hours of administration of the formulation, the mice were sacrificed by excess anesthesia, and the stomach, small intestine, colon were dissected and washed with cold saline. The organs were pressed between filter pads and weighed. Stomach, small intestine, and colon tissues were fixed in 10% neutral formalin using standard techniques and stained with hematoxylin and eosin for histopathological examination. All tissue samples were examined and graded under light microscope with 500× magnification.

LC-MS/MS condition
------------------

The LC-MS/MS experiments were conducted with an API4000 tandem mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a binary and a quaternary pump (Agilent series 1200; Agilent Technologies, Santa Clara, CA, USA). Analyses were performed on a C18 column with a mobile phase composed of 17.5 mmol/L acetic acid (pH 3.3): acetonitrile =85:15 (v/v) at 0.2 mL/min flow rate. Selective detection was performed by tandem mass spectrometry with electrospray source, operating in negative ionization mode and in multiple reaction monitoring acquisition (m/z 152 -- 108 for mesalamine).[@b19-dddt-10-2021],[@b20-dddt-10-2021]

Plasma sample (100 µL) was transferred to a 5 mL plastic tube with 10 µL of internal standard solution (1 mg/mL, 4-ASA). After 30 seconds of vortex shaking (5432 vortex mixer; Eppendorf, Hamburg, Germany), 300 µL of HClO~4~ was added for deproteination to occur, and the mixture was vortexed for another 2 minutes by centrifuging at 3,000 rpm for 10 minutes, and 5 µL of the aliquot solution was injected into the LC-MS/MS system for analysis.

Tissue samples (100 mg) were homogenized in a normal saline solution (0.2 mL). A volume of 0.1 mL of the homogenized sample was transferred to a 5 mL plastic test tube. The other preparation process was the same as the plasma samples.

Statistical analysis
--------------------

Data are presented as mean ± standard deviation. Unpaired Student's *t*-test was used for statistical analysis. A probability (*P*) less than 0.05 was considered statistically significant.

Results
=======

Characteristics of mesalamine microparticles
--------------------------------------------

In this study, mesalamine microparticles were prepared successfully by emulsion--chemical cross-linking method; these microparticles were spherical in shape ([Figure 1](#f1-dddt-10-2021){ref-type="fig"}). The mean particle diameters of mesalamine microparticles before and after coating were 220.4 and 312.2 µm, respectively, which were the ideal range for colon target treatment according to the previous report.[@b21-dddt-10-2021] The zeta potential of mesalamine-coated microparticles was −17.6 mV and the entrapment efficiency was more than 91.5%.

In vitro release studies
------------------------

Release profiles of mesalamine-coated microparticles and mesalamine suspensions are illustrated in [Figure 2](#f2-dddt-10-2021){ref-type="fig"}. It was noticed that the release rate of mesalamine-coated microparticles was significantly lower than that of mesalamine suspensions. Approximately 100% of drug in suspensions was released within 5 hours, suggesting a burst release effect in suspensions and indicating that nearly all the drug was released before they reached colon. However, mesalamine-coated microparticles showed a completely different release curve. The initial release phase did not show a burst release and the drug released from the coated microparticles was low. A small amount of drug was detected in HCl at a pH of 1.2 and PBS medium at a pH 7.4 of for 5 hours, which indicates that the release of drug was suppressed by the "burst effect" to some extent. Only 3.2%±0.4% of drug was released after 5 hours. Then 71% of the entrapped mesalamine was further released during the subsequent 20 hours of incubation. The mesalamine release profile was prominently prolonged by the encapsulation of coated microparticles.

Pharmacokinetic studies
-----------------------

Plasma concentration--time profiles of mesalamine after oral administration of mesalamine-coated microparticles and mesalamine suspensions are shown in [Figure 3](#f3-dddt-10-2021){ref-type="fig"}. Pharmacokinetic parameters are shown in [Table 1](#t1-dddt-10-2021){ref-type="table"}. As shown in [Figure 3](#f3-dddt-10-2021){ref-type="fig"}, drug plasma concentration reached a higher level (more than 12 µg/mL) in the initial 2 hours after oral administration of mesalamine suspensions. The half-life of the suspensions (2.8 hours) was shorter than that of the coated microparticles (16.2 hours), suggesting that the suspensions were taken up by other tissues more rapidly than coated microparticles. A greater AUC~0--t~ was obtained for the coated microparticles (1.9-fold) compared to the suspensions, which indicated that the encapsulated mesalamine had mostly been absorbed over the period of 12 hours. The clearance of coated microparticles was 5.1 L/h, smaller than that (21.3 L/h) of the suspensions.

Biodistribution and histopathological studies
---------------------------------------------

Both mesalamine-coated microparticles and mesalamine suspensions were taken up by the stomach, small intestine, and colon of mice. [Figure 4](#f4-dddt-10-2021){ref-type="fig"} reflects the tissue distribution results in samples taken 1, 4, 8, 12, and 24 hours after intragastric administration of single mesalamine preparations to mice. The total amount of drug accumulated in each organ within 24 hours (AUC~0--t~) was calculated, and the results are shown in [Table 2](#t2-dddt-10-2021){ref-type="table"}. The results showed that the maximum concentration of mesalamine (9.6 µg/M) was observed in small intestine after 8 hours of intragastric administration of suspensions, and a small amount reached the colon ([Figure 4](#f4-dddt-10-2021){ref-type="fig"}). Only a 3.1 µg/mL concentration of drug was measured in colon after 24 hours.

The coated microparticles of mesalamine were found to be intact in the upper gastrointestinal tract. A negligible amount of the drug was found in the stomach; small amounts in the small intestine and a maximum percentage of drugs were observed in the colon following 8 hours of administration. Drug concentrations in the stomach, small intestine, and colon were significantly different between the coating microparticles and the suspensions. The AUC~0--t~ of the coated microparticles was 2.63-fold higher compared to suspensions in colon (*P*\<0.05).

Discussion
==========

Based on these results, we concluded that the characteristics of microparticles were affected by the ratio of the amount of drug/chitosan and the amount of cross-linking agent. Due to the decrease in the drug/chitosan ratio from 1:1 to 1:10, entrapment rate decreased; this might be due to higher amount of polymer which produces small-sized droplets which in turn increases the surface area with rapid diffusion of drug microparticles, resulting in loss of drug with a concomitant decrease in encapsulation efficiency. The encapsulation efficiency of the microparticles decreased with increased amount of the cross-linking agent. The microparticles are more rigid and the free volume space inside the matrix gets reduced, resulting in a lower encapsulation efficiency.

In addition, use of the same amount of glutaraldehyde increased the degree of cross-linking and thus the cross-linking time was increased (data not shown). The cross-linking degree increased significantly from the second to fourth hour of cross-linking time (*P*\<0.05) but not from the fourth to eighth hour. It has been hypothesized that this might be due to the fact that the outer layers of microparticles were cross-linked, thereby limiting cross-linking of inner layers. The colon-specific delivery system is not only to protect the drug from being released in the gastrointestinal physiological environment but also to release the drug in the colon after enzymatic degradation of colonic bacteria. Therefore, the in vitro drug release studies were carried out by using PBS at a pH of 6.8, containing 4% rat cecal contents. The results of this study show that mesalamine was protected from the acidic conditions of the gastric juice by a membrane coating. Above pH 6.8, the coating film began to gradually dissolve, and chitosan polymers were exposed.[@b22-dddt-10-2021]

Conclusion
==========

Based on the in vitro drug release results, we concluded that chitosan-coated particles are efficient in delivering mesalamine to its target tissue, the colon.

In order to investigate the kinetic modeling of drug release from microparticles, the dissolution profiles were fitted to zero order (Q = k~0~·t), first order (ln \[100 − Q\] = ln Q~0~ − k~1~·t), Higuchi (Q = k~H~·t^1/2^), and Ritger--Peppas models. The model that fitted best for mesalamine released from the microparticles was the Ritger--Peppas model with a correlation coefficient *r*=0.9981. Then the drug was released from microparticles following diffusion and erosion mechanism.[@b23-dddt-10-2021]

In vivo, mesalamine-coated microparticles are thought to have the potential to maintain the concentration of mesalamine in the target range for a long time, reduce the influence caused by fluctuations in the concentrations of adverse, ensure the efficiency of treatment and reduce the frequency of administration, and improve patient compliance. In case of targeted drug-delivery system such as coated microparticles, a large portion of the drug and excipient is accumulated in specific tissues and, therefore, evaluating the compatibility between the tissues and formulations becomes a necessity to ensure the safety of the formulations. The cell structure of the tissue did not show any significant difference (degenerative changes) compared to the coated microparticles preparations and placebo group. Based on this observation, it was concluded that no histological changes were observed in the organs after the administration of mesalamine-coated microparticles ([Figure 5](#f5-dddt-10-2021){ref-type="fig"}).
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![Scanning electron microscopy of mesalamine-coated microparticles.\
**Note:** Magnification, ×3,500.](dddt-10-2021Fig1){#f1-dddt-10-2021}

![In vitro release profiles of different mesalamine formulations.\
**Notes:** Release experiments were carried out in 0.1 N HCl (2 hours), PBS at pH 7.4 (3 hours), and PBS at pH 6.8 (20 hours), at 37°C±0.5°C. Each point represents the mean value of three different experiments ± SD. ×, mesalamine-coated microparticles; Δ, mesalamine suspensions; n=3.\
**Abbreviations:** PBS, phosphate-buffered saline; SD, standard deviation.](dddt-10-2021Fig2){#f2-dddt-10-2021}

![Plasma concentration--time profiles of mesalamine in rats after oral administration of mesalamine-coated microparticles and mesalamine suspensions (n=6).](dddt-10-2021Fig3){#f3-dddt-10-2021}

![Distribution of drugs in tissues of mice following intragastric administration of a single 10 mg/kg dose of mesalamine-coated microparticles and mesalamine suspensions.\
**Notes:** Each point represents mean ± SD of six rats. The solid lines indicate mesalamine-coated microparticles and the dotted lines indicate mesalamine suspensions.\
**Abbreviation:** SD, standard deviation.](dddt-10-2021Fig4){#f4-dddt-10-2021}

![The images of hematoxylin and eosin staining tissue sections of mice after intragastric administration of mesalamine-coated microparticles and mesalamine suspensions.\
**Notes:** Mesalamine-coated microparticles: (**A**) stomach, (**B**) small intestine, and (**C**) colon. Mesalamine suspensions: (**D**) stomach, (**E**) small intestine, and (**F**) colon. Magnification, ×500.](dddt-10-2021Fig5){#f5-dddt-10-2021}

###### 

Pharmacokinetic parameters of mesalamine after oral administration of mesalamine-coated microparticles and mesalamine suspensions to rats (n=6)

  Parameter             Oral administration   
  --------------------- --------------------- -------------------------------------------------------
  T~max~ (hours)        1.7±0.8               8.3±1.5[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}
  t~1/2~ (hours)        2.8±1.2               16.2±3.7[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}
  C~max~ (µg/mL)        12.6±1.8              6.4±1.3[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}
  AUC~0--t~ (µg·h/mL)   40.7±5.2              71.9±8.3[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}
  AUC~0--∞~ (µg·h/mL)   46.3±6.4              88.6±9.3[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}
  MRT (hours)           5.3±1.7               13.5±3.2[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}
  CL (L/hours)          21.3±4.7              5.1±1.8[\*](#tfn1-dddt-10-2021){ref-type="table-fn"}

**Notes:**

*P*\<0.05 for mesalamine-coated microparticles and mesalamine suspensions. Data shown as mean ± standard deviation.

**Abbreviations:** T~max~, the amount of time that a drug is present at the maximum concentration in serum; t~1/2~, half-life; C~max~, maximum serum concentration; AUC~0--t~, area under the plasma concentration--time curve from 0 hours to time; AUC~0--∞~, area under the plasma concentration--time curve from 0; MRT, mean residence time; CL, clearance.

###### 

The AUC~0--24\ h~ of mesalamine in stomach, small intestine, and colon after intragastric administration of coated microparticles and suspensions to mice (n=6)

  Formulation                                         Stomach      Small intestine   Colon
  --------------------------------------------------- ------------ ----------------- ---------------------------------------------------
  Suspensions (µg·h/g), mean ± SD                     137.5±12.3   146.7±16.4        71.2±8.1
  Coated microparticles (µg·h/g), mean ± SD           55.3±4.6     90.3±8.2          187.2±24.3
  Ratio[a](#tfn3-dddt-10-2021){ref-type="table-fn"}   0.4          0.62              2.63[\*](#tfn4-dddt-10-2021){ref-type="table-fn"}

**Notes:**

The ratio was AUC (coated microparticles)/AUC (suspensions);

*P*\<0.05 for coated microparticles vs suspensions.

**Abbreviations:** AUC~0--24\ h~, area under the plasma concentration--time curve from 0 to 24 hours; SD, standard deviation.
